The effects of grain size and pattern geometry on the etching rate were investigated by using our invented pattern, and each pattern has a same height of electrodeposits regardless of pattern size after electroplating. It was found out that the logarithmic value of the etching rate is inversely linear with the pattern width at self-annealed specimen. In other words, as the pattern width decreases, the etching rate increases exponentially. Such tendency of the etching rate is owing to the result that the interfacial energies of pattern surface and grain boundary per unit volume increase by the decrease of pattern width. In contrast, the as-deposited sample shows a flat etching rate for pattern sizes. In addition, at the narrow patterns with a pattern width of below 220 nm, the etching rate in the nanocrystalline structure of the as-deposited sample is lower than in the grain grown structure of the self-annealed sample. It can be surmised that the stresses caused by interfacial energies may be relaxed by the nanocrystalline structure in the as-deposited sample.
Copper has become one of the most important materials in semiconductor interconnection because of low electrical resistivity and low fabrication cost. Such copper interconnection was conventionally fabricated by using damascene process. The damascene process is that the dielectric layer is patterned through photo-lithography before making metal line, and then the dielectric patterns are filled with copper electrodeposits. After annealing, the overburden copper and others can be removed by using chemical mechanical polishing (CMP) process. 1, 2 In addition, the copper electrodeposits have nanocrystalline structure, and then the copper microstructure in each pattern was evolved strongly depending on its pattern dimension during annealing process. [3] [4] [5] The recrystallization of the as-deposited copper electrodeposits was already investigated by in situ observation of electron-backscattered-diffraction (EBSD) analysis, and it was found out that the grain growth happened anisotropically having a preferred orientation of its growing direction. 3 Consequently, the annealed microstructure has very anisotropic structure, and various phenomena happened being related with such anisotropic microstructure. The reliability issue of stress-induced voiding is one of the examples. 2 This paper contains a corrosion issue in the metal interconnection during the CMP process with respect to the copper microstructure. In reality, a chemical in the CMP slurry is very corrosive and some chemical residue results in various defects of rough copper surface, pitting corrosion, crevice corrosion, and copper depletion. 6 As yet, few studies have been reported for the microstructure-related phenomena in the semiconductor interconnection because of submicron-scale phenomena, which require statistical inspections at local area as well as its adjacent areas. [7] [8] [9] Microstructural analyses have been generally performed through electronbackscattered diffraction (EBSD) equipped in SEM (scanning electron microscopy) or TEM (transmission electron microscopy), and can be applied to measure the interconnection microstructures. [2] [3] [4] [5] 10 Here, we investigated the corrosion behavior in the trench patterns with various pattern widths, and it was found out that the etching rate was inversely linear with pattern width.
Experimental
The pattern was fabricated for only one directional film growth during electroplating, as shown in Fig. 1 . Hereafter, for the convenience of mentioning, the pattern is called as 1-D pattern, which has a seed layer only at the pattern bottom. No superfilling exists in any size pattern during electroplating because the accelerator accumulation does not occur in the 1-D pattern. Therefore, equal 520 nm height of pattern filling on each pattern was simply acquired using the 1-D pattern without CMP process by controlling the time and current density of electroplating. 1 Copper electroplating was carried out in the common electrolyte composition. The electrolyte consists of 0.28 M CuSO 4 Á5H 2 O, 1.8 M H 2 SO 4 , 1 mM HCl, 0.1 mM 3350 molecular weight PEG, and 50 M bis(13-sulfopropyl) disulfide, referred as SPS. In order to estimate the etching rate of copper film, nitric acid is used. Copper is not dissolved into acid media due to its higher redox potential than the redox potential of hydrogen, but the nitric acid is typically strong oxidant and etchant for copper. Copper can be continuously dissolved into nitric acid. 11, 12 After the immersion into 10% nitric acid at room temperature for 10 min, the samples were cleaned in trickling distilled water and nitrogen blowing.
The sample cross-section was investigated by using FE-SEM (Field-Emission Scanning Electron Microscope, JSM-6330F) before and after the etching process. The etching rate could be calculated by comparing the heights of copper patterns before and after the etching process. Dual beam focused-ion-beam (FEI NOVA 200) was performed to compare the microstructures of as-deposited and self-annealed samples in the conventional damascene pattern, not the 1-D pattern. The acceleration voltage of 30 kV and the probe current of 5 nA were used in the gallium ion beam for the sample cutting of EBSD. Raw data from EBSD was reprocessed by postprocessing program, 'REDS' (Reprocessing of EBSD Data in SNU), developed at Seoul National University. (a) photo-resistor is patterned by using photo-lithography on the copper seed layer that is deposited on Si substrate. (b) By using electroplating, copper is filled in the patterns with the same height regardless of pattern widths.
Results and Discussion
All pattern heights at various 1-D patterns are 520 nm that is similar with the height of photoresist (PR) regardless of pattern width and space in Fig. 2a . The electroplating condition is the current density of 3.1 mA/cm 2 and deposit time of 100 s. Figures 2b  and 2c show the cross-sections of as-deposited and self-annealed samples after etching process. While all heights of copper remainders in the as-deposited sample are similar with each others, the heights in the self-annealed sample are different. The narrower one in the self-annealed sample has lower height. All patterns in the self-annealed sample were shown in Fig. 3a and the etching rates of two samples were calculated from the pattern heights, which were shown in Fig. 3b . It should be noted that the etching rates of the self-annealed sample decrease consistently with increasing the pattern width. Additionally, although the grain sizes of the selfannealed sample in the narrow patterns are larger than them of the as-deposited sample, the etching rate of the self-annealed sample in each narrow pattern (one of 120, 140, and 160 nm pattern widths) is higher than that of the as-deposited sample, respectively. These results will be discussed later.
Here, it is necessary to consider the possible factors that make an influence on the etching rate of the patterns. Many reports already mentioned that the copper microstructure in the damascene pattern was evolved from an initial nanocrystalline structure after electroplating depending on the pattern width. 4, 5, 10, 13 We also investigated the microstructures in the damascene patterns by using FIB and EBSD. The FIB cross-sections of as-deposited and self-annealed samples in the damascene patterns are shown in Fig. 4 . Typical recrystallized copper microstructure with twinning appeared in the self-annealed sample, whereas grains with a few tens of nanometers could be inspected from the FIB images of the as-deposited sample. EBSD measurements were performed on the cross-sections of selfannealed patterns. The pattern widths are 2.8, 1.4, 0.9 and 0.5 m, respectively. The orientation mapping results and inverse pole figures are shown in Fig. 5 . It was found out that each grain had a preferred crystallographic orientation of h111i direction along its plane-normal direction and the grain size in the narrow pattern is similar with the pattern width. Most grain boundaries are twin boundary, not highangle boundary. Such results are agreed well with the previous reports.
5,10,13 Therefore, we can infer that the microstructure in the 1-D pattern has h111i texture along its plane-normal direction and the grain size in the annealed sample has similar tendency of the damascene pattern. If we assumed that the grain size is similar with the pattern width and the crystallographic orientation in the copper pattern has a preferred h111i direction along its plane-normal direction, we can figure out the enthalpy difference between narrow and wide patterns. As the pattern width decreases, the relative portion of sidewall area increases and the area of grain boundaries also increases because the grain size decreases by the pattern width. The energy increases are summarized as follows
W, H, and L stand for the width, height and length of a pattern, respectively. c sidewall is the interfacial energy of the sidewall, and c gb is the grain boundary energy including twin boundary, and low and high angle grain boundaries. c tot is the total interfacial energy of c sidewall þ c gb . The change of enthalpy in the pattern can influence the reaction rate of copper corrosion in the nitric acid. The schematic diagram of the copper corrosion is shown in Fig. 7 . Therefore, the reaction rate of copper etching in nitric acid can be represented as a form of Arrhenius equation
Thus, at first, it was found out that the logarithmic value of the etching rate is inversely linear with the pattern width. Such relationship can be confirmed in the fitting result of Fig. 8 , which is recalculated from the result of Fig. 3 . The slope of fitting line in Fig. 8 means the value of 2c tot ÁVm RT , and the calculated c tot becomes to be 10.5 J/m 2 that is higher by an order of magnitude than the typical value of copper surface energy ($1 J/m 2 ). 14, 15 In addition, most grain boundaries are twin boundaries, not high angle boundaries, which means the grain boundary energy of c gb is not high. Despite of high accuracy of the fitting in Fig. 8 , the calculated interfacial energy is quite high. It needs further study to understand the result of high interfacial energy of c tot .
Secondly, it is difficult to find the pattern dependency of the etching rate in the as-deposited sample. Besides, the etching rates of the as-deposited sample at the narrow patterns are lower than them of the self-annealed sample. These two results may come from the nanocrystalline microstructure of copper in the as-deposited sample. The compressive stress state by dangling bonds at the sidewall was shown in Fig. 9 . Intuitively, the compressive stress must be relaxed by nanocrystalline structure itself in the as-deposited sample. [16] [17] [18] Therefore, it is found out that the submicron scale structure with nanocrystalline is more stable than that with grain-grown microstructure with respect to a copper dissolution in the wet etching.
Conclusions
In summary, we investigated the effects of pattern geometry and microstructure on the etching rate of copper. The pattern width was inversely linear with the log-scale value of etching rate. In other words, the decrease of the pattern width caused the increase of free energy, and the etching rate also increased exponentially. Interestingly, at the narrow patterns with a pattern width of below 220 nm, nanocrystalline structure is more stable than grain grown structure. 
